Abstract: Even though fewer people die as a result of fire than other natural disasters, such as earthquake, flood, landslide, etc., the average loss of property due to fire is high. Kathmandu Metropolitan City is becoming more vulnerable to fire due to haphazard urbanization and increase in population. To control problems due to fire, systematic studies are necessary, including fire potential mapping and risk assessment. This study applies an Analytic Hierarchy Process (AHP) method in Kathmandu Metropolitan City, Nepal for generation of fire potential zonation map. The fire potential zonation map is prepared on the basis of available data of land use, fuel stations, and population density. This map shows that 58.04% of the study area falls under low fire potential zone, 32.92% falls under moderate fire potential zone and 9.04% falls under high fire potential zone. The map is also validated through major past fire incidents. The results show that the predicted fire potential zones are found to be in good agreement with past fire incidents, and, hence, the map can be used for future land-use planning.
Introduction
Kathmandu Metropolitan City (Figure 1 ), the capital city of Nepal, is vulnerable to different natural disasters such as earthquake, flood, landslide, etc. In addition, the possibility of fire across Kathmandu Metropolitan City is one of them [1] . Although the number of deaths due to fire is lower than other natural disasters such as earthquake, flood, landslide, the average loss of property is high. Due to haphazard urbanization and increase in population, Kathmandu Metropolitan City is becoming more vulnerable to fire. Poor settlement planning, lack of preventive measures, inadequate fire resistant construction, poor awareness of fire hazards, lack of fire protection policies and safety codes for the use of electricity, gas, fuel combined with narrow road lanes, clustered household, use of flammable building materials, and aging water supply and electrical systems have increased the risk of fire in Kathmandu Metropolitan City [1] . Furthermore, fire-fighting water techniques cannot effectively serve newly constructed high rise buildings in Kathmandu Metropolitan City. These factors significantly increase the fire vulnerability in the city. In order to mitigate or control the problems caused by fire, a systematic study related with fire such as mapping of area affected by fire, mapping of fire potential zone and fire risk assessment have to be undertaken. However, such studies are still limited in Nepal. Different researchers have attempted to prepare fire risk maps in forests [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, few researchers have prepared fire susceptibility/hazard zonation maps in the city [15] [16] [17] [18] and fire risk maps due to fuel [19, 20] .
Alam and Baroi [15] assessed the risk of fire hazards in Dhaka City, Bangladesh, with a Geographic Information System (GIS) framework, in order to develop a methodology to generate fire hazard categories and risk mapping. They also gave the methodology for site selection for fire stations in a given region for effective management of dynamic resources. Rohde et al. [16] applied a Bayesian methodology to produce disaggregate spatial forecasts of residential household fires across metropolitan South-East Queensland (SEQ), Australia. Srivanit [17] used six vulnerability factors such as building material types, building height, building density, population density, building hazard occupancy and distance to available fire source; and five capacity of mitigation factors such as accessibility by road, distance to fire stations, distance to hydrants, fire history, and distance to water supply in an Analytic Hierarchy Process (AHP) technique to generate fire risk map of Chiang Mai Municipality, Thailand. Santos et al. [18] catalogued the building typologies at the old city center of Seixal, Portugal which were then used for a seismic and fire vulnerability assessment of the old building stock.
Sur and Sokhi [19] assessed the vulnerability of the vicinity of petrol stations in Dehradun, a municipality in Uttaranchal State, India. They classified the study area into three categories: very hazardous, moderately hazardous and less hazardous, on the basis of building density, land use and population present within the 200 m buffer zone of petrol pumps. Das and Harinarayana [20] analyzed all aspects related to possible oil spills and gas leakages with special reference to Gujarat state, India. They considered communication networks (roads/rail), rivers, elevation, pipeline networks, fault zones, earthquake zones, meteorological data, etc., for analysis and the possible hazardous locations and the vulnerable zones were identified by considering the datasets with logical queries using GIS.
This paper documents the application of the AHP, developed by Saaty [21, 22] , in preparation for a fire potential map by taking Kathmandu Metropolitan City as an example. This paper also summarizes the outcomes of fire potential mapping study in Kathmandu Metropolitan City.
Study Area
Kathmandu Metropolitan City, the capital city of Nepal, lies in Kathmandu district (Figure 1 ). It covers an area about 51.94 km 2 with a size of 9.5 km in the east-west direction and 8.3 km in the north-south direction. It lies between latitudes 27°40′30′′ to 27°45′00′′N and longitudes 85°16′10′′ to 85°22′45′′E (Figure 2 ). There are 35 wards (administrative units) in this city.
The urban landscape of Kathmandu is rapidly changing. Kathmandu can now be considered as a mega city expanding further with new neighborhoods and districts. In recent decades, numerous high rise buildings are built around the city to accommodate a rapid growth in population. The rapid growth and development in Kathmandu creates an increase in the number of emergency incidents related to fires. 
Relevant Data
Thematic data needed for generation of fire potential map were collected from different sources: These data sources were used to generate thematic digital maps using GIS software. All maps are raster based with a cell size of 10 × 10 m 2 . The preparation procedures for each data layer are summarized below.
Distance from Fuel Stations
Nepal Oil Corporation (NOC) has specified all the possible safety norms in fuel pumps to reduce the risks associated with the damage of life and property of the people [23] . According to the NOC norms, a fuel station must possess at least two fire extinguishers, four dry sand filled buckets, water storage tanks, a spade, a fire-axe and safety gear, like fire proof clothing and masks. However, a large number of fuel stations are not found to adhere to the norms specified by NOC [24] . Most of the fuel stations have been established without any safety measures and are located so near that if the fire catches one fuel station it can spread to the nearest other fuel station resulting in huge damages [23] . A cluster of fuel stations can be seen in some areas of Kathmandu Metropolitan City (Figure 2) . A blast or fire in one fuel station due to any sparks could destroy a large number of structures within a 500 m radius distance approximately [25] .
The location and number of the fuel stations are very significant for the area intended to protect from fire. The location of such fuel stations is collected by using Geographical Position System (GPS) instrument in the field. A thematic map of a potential fire disaster prone area is derived by classifying the study area into five zones (Figure 3 
Land Use
Land use is one of the most important factors for fire risk mapping. 
Methodology

Analytic Hierarchy Process (AHP)
The AHP, introduced by Thomas Saaty [21, 22] is a mathematical method which analyses complex decision problems under multiple criteria, and helps the decision makers to set priorities and make the best decision. In the AHP, the complex decisions are reduced to a series of pair-wise comparisons, and then produce the results. Moreover, the AHP incorporates a useful technique for checking the consistency of the decision maker's evaluations, which in turn help in reducing the bias in the decision making process. AHP has been applied in many and diverse areas of decision-support in environmental management such as wildfire risk map [8] , forest fire risk map [9, 12] , urban fire risk map [17] , landslide susceptibility mapping [26, 27] , landfill site selection [28] , land use pattern selection [29] .
Saaty [22, 30] developed the following steps for applying the AHP: The consistency is determined by using the maximum eigen value (λmax) to calculate the consistency index (CI) as given in Equation (1).
where n is the size of matrix. Judgment consistency can be checked by taking the consistency ratio (CR) of CI with the appropriate value of random consistency index (RI) given in Table 2 [22, 31] . If CR does not exceed 0.10, then the comparison matrix is consistent. If CR is greater than 0.1, the comparison matrix is inconsistent. If inconsistencies in the decision process exist, the process should be repeated till a consensus is reached. AHP provides an easy applicable decision making methodology which helps the decision maker to precisely decide the judgments. The main advantages of AHP over other multi criteria methods are its flexibility, perceptive appeal to the decision makers and its ability to check inconsistencies [32] . However, the main demerit of AHP is that it has a subjective nature of the modeling process which may differ from one expert to another. Hence, methodology cannot guarantee the decisions as definitely true [27] .
Application of AHP in Fire Potential Mapping
In this study, comparison of criteria are made using a scale from 1 to 9 if the factors have a direct relationship and a scale from 1/2 to 1/9 if the factors have an inverse relationship as shown in Table 1 [21] .
Elements of the matrix in each level are compared in pairs with respect to their importance to the element in the next higher level. Starting at the top of the hierarchy and working down from there, the pair-wise comparison square matrixes are formed such that all the elements in the matrix are positive [33] as given in Equation (2) .
such that aij > 0. With respect to fire potential zonation mapping, Given that the distance from the fuel stations is 100-200 m, which criteria is important? Classes Weight value <50 m 50-100 m 200-500m >500 m Q. 4 With respect to fire potential zonation mapping, Given that the distance from the fuel stations is 200-500 m, which criteria is important? Classes Weight value <50 m 50-100 m 100-200m >500 m Q. 5 With respect to fire potential zonation mapping, Given that the distance from the fuel stations is > 500 m, which criteria is important?
Classes Weight value <50 m 50-100 m 100-200 m 200-500 m Table 3 shows the sample of comparison of each classes of causative factor, i.e., distance from fuel stations. The questionnaire form which include the comparison of each classes of different causative factors was distributed to eight experts working in the field of geology, urban planning management, water resources engineering, disaster management, safety engineering and management, civil engineering. Then the relative weight values given by different experts were averaged for calculation purposes. The relative weight values for each classes of different causative factors are given in Table 4 . Table 4 shows the calculation of normalized principal eigen vector for causative factors distance from fuel stations, land use and population density for assessing fire potential zone map. Table 5 shows the test result for consistency of the rating values for each criteria of fire potential zone. Since the CR of the each class of causative factors namely, distance from fuel station, land use and population density is less than 0.10, the rating values for these causative factors are consistent. In order to generate fire potential index map, the linear weighted combination is used for different causative factor maps as given in Equation (3). FPI = Weight map of (distance from fuel stations + land use + population density) (3) 
Discussions
From Table 4 , it can be seen that fire potential is directly proportional to the distance from fuel stations, as a closer distance to fuel stations has higher weight values and a farther distance from fuel stations has less weight values. The land use type such as built-up area and cultivation have a higher impact on fire potentiality, whereas other land use type such as water body, road, airport runway, sandy area, open area, plantation, playground have less impact on fire potentiality. Moreover, high population density has greater impact on fire potentiality than low population density. With weighted linear combination technique in GIS, the resulting fire potential index (FPI) map is obtained as shown in Figure 6 . In Figure 6 , the value of the FPI varies from 0.05 to 1.03. A higher value of the FPI represents the high fire potential area and a lower value of FPI represents the low fire potential area. There are no general rules to categorize continuous data automatically [34] . Therefore, in this study, the FPI map of Kathmandu Metropolitan City is reclassified into low, moderate, and high potential zones using the natural break classifier system. The resulting fire potential zonation map is as shown in Figure 7 and their coverage area is shown in Table 6 . Table 6 shows that 58.04% of the area falls under low fire potential zone, 32.92% falls under moderate fire potential zone and 9.04% falls under high fire potential zone. Table 7 shows the area of different fire potential zones in 35 wards of Kathmandu Metropolitan City. As more than two-thirds of the area lies in the high fire potential zone, Ward Nos. 17, 18, 19, 20, 21, 23, 24, 26, 27 and 28 lie in high fire potential zone. Even though there are few or no fuel stations in these wards, these wards are highly susceptible to fire because of densely populated area and land use type of built-up area. Most of the areas of Ward Nos. 5, 7, 10, 12, 22, 25, 29, 30, 32, 33 and 34 lie in moderate fire potential zone. The reason behind this may be due to moderately dense population, fuel stations location and other land use types than built-up area in these wards. Almost half to 9/10th area of Ward Nos. 1, 2 ,3, 4, 6, 8, 9, 11, 13, 14, 15, 16, 31 and 35 lie in a low fire potential zone which may be due to less dense population, dominance of other land use types in these wards. It is always good to validate the fire potential zonation map. The best way is to validate physically in the field, which is rather a cumbersome job. However, the fire potential zonation map can also be verified with the field information on the basis of the past fire incidents. In this study, it is observed that large fire incidents in the city (Figure 7) March 2012, where six people were killed and one woman was seriously injured. About US$ 1 million in property was damaged by the fire. The flame spread throughout the building within five minutes after the short circuit occurred in the house [35] . The fire broke out in a crowded settlement of Thamel, Ward No. 29 on 16 May 2013 night, which destroyed property worth around US$ 2 million. The fire was started initially in the kitchen of Faces Lounge restaurant near the Kathmandu Guest House in Mandala Street then gutted other restaurants. This fire also completely destroyed the renowned Pilgrims Book House [36] . Another fire caught at Jyoti Bhawan located at Jamal Kathmandu, Ward No. 30 on 30 August 2013. The fire was blown into the store room of Nepal Bank Limited (NBL) situated on the first floor of Jyoti Bhawan. The fire damaged fifteen sets of computer, two sets of photocopy machines, six sets of printers and all the furniture inside NBL. Only two sections comprising of housing lockers and safe boxes were not affected by the fire. Five laboratory technicians of Grande City Clinic and Diagnostic Services, situated on the second floor of the building, were injured by the fire [37] . Another fire caught at Bhimsengola, Ward No. 9 on 9 March 2014, where 50 huts were gutted due to a short circuit at a scrap store. The settlement was inhabited by landless people near to the Bagmati River. This fire also spread to adjoining three-storey building, causing minor damage. However, there were no causalities in this incident [38].
Conclusions
The AHP method is one of the most widely used multi-criteria decision analysis approaches, based on the expert-judgment method with the facility to check the consistency of the rating provided by the expert. Moreover, pair-wise comparisons between parameters are appealing to users as in this method pair-wise comparisons (A is more important than B) can be converted into a set of numbers representing the relative priority of each of the criteria.
In this study, three causative factors were considered, i.e., distance from fuel stations, land use and population density. The selection of these factors is based on the availability of data for the study area and the relevance with respect to fire incidents. However, more factors can be considered for further study if data are available.
The results show that the high fire potential zone covers only 9.04% of the study area, moderate fire potential zone covers 32.92% and low fire potential zone covers 58.04% of the study area. Moreover, large fire incidents in the past are clearly marked in the areas of high and moderate fire potential zones. These results show that the predicted fire potential levels are found to be in good agreement with the past fire incidents. However, it would have been better validation if a higher number of fire incidences actually occurred in each ward in the past. Hence, it is recommended to keep databases of each fire incident occurring in each ward of Kathmandu Metropolitan City Office, which will indeed help to validate the present fire potential zonation map.
The fire potential zonation map presented in this study can be a good source for concerned authorities, urban planners, geographers and engineers. Furthermore, this map can be used by the concerned authorities in disaster management planning. High fire potential zones are problems for the city that need effective protection measures to prevent future fire incidents. Hence, Kathmandu Metropolitan City Office can set up further fire brigade stations in those areas, train local people by various community-based fire risk preparedness programs focusing on strengthening the capacity of communities to prepare for and mitigate fire risks.
